The Xiemisitai area, West Junggar, Xinjiang, China, is situated at a potential copper mineralization zone in association with small granitic intrusions. In order to identify the alteration zones and mineralization characteristics of the intrusions, Landsat Enhanced Thematic Mapper (ETM+) and Quickbird data of the study area were evaluated in mapping lithological units, small intrusions, and alteration zones. False color composites of the first principal component analyses (PCA1), PCA2, and PCA4 in red (R), green (G), and blue (B) of the ETM+ image, and relevant hue-saturation-intensity (HSI) color model transformations, were performed. This led to the identification of lithologic units and discrimination of granitic intrusions from wall-rocks. A new geological map was generated by integrating the remote sensing results with two internally published local geologic maps and field inspection data. For the selected region, false color composites from PCA and relevant HSI-transformed images of the Quickbird data delineated the details of small intrusions and identified other unknown similar intrusions nearby. Fifteen separate potash-feldspar granites and three separate hornblende biotite granites were identified using ETM+ and Quickbird data. The principal component analysis-based Crosta technique was employed to discriminate alteration minerals. Some of the mapped alteration zones OPEN ACCESS Remote Sens. 2013, 5 3157 using the Crosta technique agreed very well with the known copper deposits. Field verification led to the discovery of three copper mineralizations and two gold mineralizations for the first time. The results show that the PCA and HSI transformation techniques proved to be robust in processing remote sensing data with moderate to high spatial resolutions. It is concluded that the utilized methods are useful for mapping lithology and the targeting of small intrusion-type mineral resources within the sparsely vegetated regions of Northwest China.
Introduction
Nation-wide geological mapping and mineral resource investigations in China are typically carried out by field traverses. The China Geological Survey suggests the average distance between two adjacent traverses should be 3 to 4 km in areas with good conditions for geological mapping at the 1:250,000 scale [1] . Furthermore, the distance should be 500 to 600 m for geological mapping at a scale of 1:50,000 [2] . Although remote sensing has been mentioned in these standards, it is regarded as a less important approach and the application has been restricted by the image processing and interpretation skills of the geologists. As a consequence, geological mapping in West China is time-consuming, expensive, difficult, and even dangerous. In addition, lithologies are often mapped coarsely at scales ranging from 1:50,000 to 1:250,000 [3] , which leads to small felsic-ultramafic intrusions often being omitted during field-based geological mapping [4] . It is believed that Ni-Cu-Mo ores, such as the Jinchuan Ni-Cu sulfide deposit, Jinduicheng Mo deposit, and Dexing Cu-Mo deposit, are preferably hosted by small-sized intrusions [5] . Therefore, it is important for the mineral resource exploration-orientated investigation to locate unknown small intrusions during the reconnaissance stage.
Remote sensing has been extensively used for lithological mapping and mineral exploration [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The multispectral data of the Landsat Thematic Mapper (TM) and the Enhanced Thematic Mapper (ETM+) have been the most commonly used data sources for geologic applications in the past three decades with promising results [7, [16] [17] [18] [19] [20] [21] [22] . However, the 30-m spatial resolution of ETM+ multispectral data is too coarse to identify small intrusions of sizes less than several hundred square meters. The panchromatic band (15-m spatial resolution) fusion can largely enhance the ability of ETM+ multispectral bands to outline certain small intrusions roughly as done in this study. High-resolution data, though, need using for the detailed demarcation and the scanning of nearby smaller analogs.
Quickbird has four multispectral bands and a panchromatic channel covering the 0.45-0.90 μm range, with spatial resolutions of 2.44 m and 0.61 m, respectively. Quickbird data have been used in geological mapping and hazard assessing in recent years [23] [24] [25] [26] .
The Western Junggar region, located between Altay Shan and Tianshan, extends westward to the Junggar-Balkhash system adjacent to Kazakhstan, and eastward to the Junggar Basin in China (Figure 1 ) [27] . Carboniferous granitic intrusions are widespread throughout Western Junggar [27] . The structural and thermodynamic conditions show that western Junggar has large mineralization potential, identified by many ore deposits (mostly gold and copper) such as Hatu (quartz vein-related gold deposit) [28] and Baogutu (porphyry-type copper deposit with gold and molybdenum as by-products) [27] . The Tuketuke porphyry copper deposit and the Jafushaersu molybdenum mineralization were found in recent years; these discoveries were made based on the reconnaissance of the Baogutu surroundings by alteration mineral mapping using remote sensing data and the following ground inspection (Figure 1 ) [4, 29] . [27] ; (b) Geological map of the study area after the internally published regional geological maps with codes L-45-VIII and L-45-XIV [30, 31] . Q, Quaternary; N, Neogene; C, Carboniferous; D, Devonian.
The Xiemisitai area, located in Northwestern Junggar, has strong potential for copper deposits (Figure 1 ). The objectives of this research were as follows: (1) process and interpret the ETM+ imagery by integrating the principal component analysis with hue-saturation-intensity (HSI) color model transformation methods to outline the small intrusions and generate a new geological map for the Xiemisitai area; (2) use the higher resolution Quickbird data to delineate the details of small intrusions and find other unknown similar intrusions nearby in the key region; (3) identify the alteration zones and reveal the alteration patterns and mineralization characteristics of the relevant intrusions.
Geological Settings
The Xiemisitai area is situated between the Darbut Suture and the Hongguleleng Suture (Figure 1(a) ). It is much closer (10 km) to the Hongguleleng suture, which is marked by an ophiolite zone (mostly dismembered harzburgite and cumulate) continually extending approximately 100 km [32, 33] . The ophiolite was believed to have evolved by the Middle Ordovician along Hongguleleng since it was overlaid by Middle Ordovician andesites (the Bulukeqi Formation) [34] and two samples of the ophiolite yielded their respective radiometric ages of 626 ± 25 Ma and 444 ± 27 Ma (Sm-Nd isochrones) [35] .
Acidic volcanic rocks and granitic intrusions are widespread in the region (Figure 1(a) ). The known mineral deposits in the region are related to igneous activities [27] . Most of the studies about regional mineralizations were concentrated on the Sawuer Mountains [36, 37] . The Kuoerzhenkuola gold deposit was formed in the structural environment of an island arc of the Late Palaeozoic Era and controlled by the cryptoexplosion breccia and volcanic apparatus [36] . The Buerkesidai gold deposit was considered to be supergene magma and a structurally altered rock-type gold deposit [37] . However, gold and copper deposits in the Xiemisitai area have rarely been reported to date. The Xiemisitai copper deposit is a volcanic copper deposit, which is controlled by a caldera fracture system, superimposed by the EW-striking regional faults ( Figure 1 ) [38] .
The oldest rocks of the study area fall within the Huerjisite Group (Middle Devonian), which consists of moderately acidic volcanic rocks (Figure 1(b) ). The Zhulumute Group (Upper Devonian) contains sandstone, conglomerate and siltstone, which are mainly distributed in the southeast of the study area. The Hebukehe Group (Lower Carboniferous) contains calcareous siltstone and limestone. The Dushanzi Group (Neogene) consists of conglomerate and sandstone. The quaternary sediments are mainly composed of alluvium and diluvium. The granitic intrusions are dominated by potash-feldspar granites and hornblende biotite granites. Tectonism is dominated by nearly NE-, NWW-and NEE-trending faults. The alteration of the Xiemisitai copper deposit is typified by extensive malachite, relatively stronger chloritization, epidotization, and silicification [38] .
Data and Methods
Landsat 7 ETM+ data (145/27 path/row, acquisition date 27 June 2000) of the Xiemisitai area were used for this study. Additionally, Quickbird data acquired on 6 January 2008 were used for the selected area. Pre-processing of the satellite imagery included both geometric and radiometric corrections. The images were geometrically corrected by picking ground control points (GCPs) from 1:50,000 scaled topographic sheets and GPS points that were taken during field work. The radiometric correction was implemented using the method suggested by [39] , in which calibrated Digital Numbers (DNs) were converted to Top-Of-Atmosphere (TOA) reflectance.
In this study, a series of image processing methods were used. First, image enhancement methods including principal component analysis (PCA) [40] and HSI color model transformation [41] were applied to process ETM+ data to outline the small intrusions and generate a new geological map for the Xiemisitai area. Second, for the selected region with small intrusions identified, PCA and HSI color model transformation methods were used to process Quickbird data to delineate the details of small intrusions and find other unknown similar intrusions nearby. Third, the alteration minerals were mapped using the Crosta technique [7, 9, 19] , a principal component analysis-based method using the association of bands 1, 4, 5, and 7 for extracting hydroxyl-bearing and carbonate minerals and that of bands 1, 3, 4, and 5 for iron oxides. In targeting new mineralization prospects, the existing geological controls (as derived from the geological map) of the study area were overlapped with the remote sensing results obtained herein. The geology and remote sensing overlaps deduced were verified on the ground through field inspection. This eventually led to the discovery of some new mineralization outcrops in the Xiemisitai area, Western Junggar, Xinjiang, China.
Results and Discussion

Lithological Mapping
Principal Component Analysis
Principal components analysis (PCA) is an image enhancement technique, which reduces the dimensionality of data and segregates noise components [40] . PCA has been used widely with multispectral remote sensing images to identify lithologic units [4, 8, 10] . In this study, standard PCA has been applied to the ETM+ data to enhance the lithological differences. The transformation was applied using the related covariance matrix [17] .
The image eigenvectors and eigenvalues obtained from PCA are indicated in Table 1 . The first principal component (PCA1) is composed of a positive weighting from all six bands. PCA1 accounts for 83.8% of the total variance of the data (Table 1) . Eigenvector loadings for PCA2 indicate the difference between bands 1, 2, and 3, and bands 5 and 7. No useful information can be extracted from PCA3 because of the large band 4 eigenvector (−0.852) in comparison to the remaining bands. Based on eigenvector loadings for bands 1 (−0.603), 2 (−0.373) and 3 (0.647) in PCA4, the values of bands 1 and 2 have negative signs compared to band 3, which is in opposite (positive) sign (Table 1) . From image interpretation, the potash-feldspar granites have relatively high reflectance in band 3 and low reflectance in bands 1 and 2. We can therefore predict that potash-feldspar granites can be distinguished by bright pixels in PCA4. As suggested by the greatest loadings for bands 5 (−0.581) and 7 (0.511), and the opposite signs in Table 1 , the spectral information of hydroxyls should be contained in PCA5. PCA6 is the noisiest component and does not contain useful information. Figure 2 shows false color composites of PCA1, PCA2, and PCA4, in red (R), green (G), and blue (B) images of the study area, which present a well-differentiated result for mapping the lithological units of the study area. The Huerjisite Group is a mixture of green and blue. The Zhulumute Group is in mixture of light green and coral in the southeast region of the study area. The Hebukehe Group is a mixture of yellow and dark blue. The potash-feldspar granites are a mixture of cyan and lilac, while hornblende biotite granites are shown in pale yellow (Figure 2 ). Figure 2 . Principal components analysis (PCA1, PCA2, and PCA4 in the RGB) image of ETM+ data.
Hue-Saturation-Intensity (HSI) Color Model Transformation
The hue-saturation-intensity (HSI) color model allows independent control over hue, saturation, and intensity, the quantities of which are definitely measurable and easily interpretable [41] . As we know through trial and error studies, transforming some PCA combinations from RGB to HSI space can properly enhance the differences among lithological units. In this study, PCA1, PCA2, and PCA4 were transformed from RGB to HSI space, and the false color composite imagery of I, H, and S in RGB allowed discrimination of nearly all the lithologic units ( Figure 3) .
The Huerjisite Group is identified by a blue color. The Zhulumute Group is a yellowish-green color. The Hebukehe Group is a dark blue color. The potash-feldspar granites were well separated from adjacent rocks by a purple-red color, and the hornblende biotite granites were beige (Figure 3) . The potash-feldspar granites and the Huerjisite Group were discriminated better in the HSI image than in the PCA image. (Figure 1(b) ) and on the basis of image interpretation (Figures 2 and 3 ) and ground confirmation are here labeled with 1-6 and (1)-(7), however, some may not be clear due to the scale reduction here). Q, Quaternary; N, Neogene; C, Carboniferous; D, Devonian.
Through geological interpretation, the faults and geologic boundaries have been revised and three separate potash-feldspar granites and three separate hornblende biotite granites have been identified and labeled in Figure 4 with 1-6 (Figures 1-4) . A new geologic map of the Xiemisitai area (the specific modifications are labeled in Figure 4 with (1)- (7)) was created by integrating the results of a false-color composite image of PCA1, PCA2, and PCA4 (in RGB) with the false-color composite image of the HSI color model transformation, two internally published local geologic maps (codes L-45-VIII and L-45-XIV) and field inspection data (Figure 4 ).
Identification of Small Intrusions Using Quickbird Data
Good results, including small intrusion discrimination, were obtained using ETM+ data in geologic mapping. However, the 30-m spatial resolution of ETM+ multispectral data is too coarse to identify small intrusions or map their details. A major region was selected due to its close proximity to two copper deposits, copper geochemical anomalies, and the identified small potash-feldspar granite (Labeled 1 in Figure 4 ). Although some small intrusions near the identified small potash-feldspar granite have been outlined in the ETM+ image, the boundaries are not very sharp.
PCA and HSI color model transformation methods were used to process Quickbird data to better outline the small intrusions and/or their details. Figure 5 (a) shows false color composite of PCA1, PCA2, and PCA4 (in RGB) image of the selected area. The Huerjisite Group is in green. The potash-feldspar granites are white. Though affected by snow (red in Figure 5 (a)), twelve separate small potash-feldspar granites were identified primarily by their distinct false color and tone. The smallest potash-feldspar granite body is only 0.0004 km 2 in area, which is beyond the detection capabilities of the ETM+ sensors, and therefore, can only be identified by using Quickbird.
Figure 5. Major small intrusions and their details in the target area (confirmed in situ).
(a) PCA1, PCA2, and PCA4 (in RGB) image of Quickbird data; (b) PCA2, PCA3, and PCA4 transformed to HSI space with I, H, and S (in RGB) image (the areas depicted in Figure 5 are given in Figure 4 ). PCA2, PCA3, and PCA4 were transformed from RGB to HSI space and the false color composite imagery of I, H, and S, in RGB, further delineated the difference in color, texture, and shape for the recognition of small intrusions ( Figure 5(b) ). Specifically, the potash-feldspar granites are pink with a short, thick-stripe texture, and a round-shape, which can be easily identified. The HSI image indicates that there may be other similar bodies in this region.
Alteration Mineral Mapping
The Crosta technique is also known as a feature-oriented principal component selection, which has been widely used in mineral exploration to identify the diagnostic features of hydroxyl minerals, carbonate bearing minerals and iron oxides [7, 9, 19, 22] .
The PCA4s of two separate four-band associations (i.e., ETM+ bands 1, 3, 4, and 5, or bands 1, 4, 5, and 7) using the Crosta technique (Tables 2 and 3 ) primarily contain the information concerning iron oxides and hydroxyls because the greatest loadings are connected to either band 3 (−0.531) and band 1 (0.837), or bands 5 (−0.638) and 7 (0.610). However, relevant images mapping iron oxides and hydroxyls as bright pixels need to be inversed because both loadings for band 3 in PCA4 (the 1, 3, 4 and 5 bands; Table 2 ) and band 5 in PCA4 (for the 1, 4, 5, and 7 bands; Table 3 ) are marked by a minus sign. The extracted alteration mineral information was overlaid on a natural color composite (ETM+ bands 3 (R), 2 (G), 1 (B)) ( Figure 6 ). The anomalies for both hydroxyls and iron oxides were classified by a threshold of μ + 2s and the coloring was red for the former and blue for the latter. Note: μ and s represent the mean value and standard deviation of the relevant principal component images, respectively. The iron oxides mainly occur in the potash-feldspar granite (blue color) because of the spectral characters of potash-feldspar granite in the visible bands ( Figure 6 ). All of the hydroxyls are located in the proximity of granitic intrusions and the main lineaments. Some of the alteration zones mapped using the Crosta technique agreed very well with the known copper deposits in the Xiemisitai area. 1 (B) ) overlaid with the remote-sensing anomalies using the Crosta technique (the labeled sites correspond to those highlighted in Table 4 ).
Field Inspection and Studies
To verify the results, field reconnaissance was carried out between July and August 2009. The check-points were recorded using a portable GPS with an average accuracy of 5 m. All of the modified geological boundaries (labeled with (1)- (7) in Figure 4 ) and identified small intrusions (labeled with 1-6 in Figure 4) were confirmed in the field.
Four major targets for mineral exploration were checked in the field. A field investigation revealed that the contact zones between the intrusions and wall-rock were typified by the intensive silicification plus chloritization and epidotization. The copper mineralization was developed along the alteration zones, which are tens of meters in width.
Small intrusions and mapped alteration zones agreed very well with the field GPS locations of alteration zones in the study area (Table 4, Figure 6 ). Laboratory analysis was made for some selected samples from the alteration zones. All of the samples were analyzed for Ag, Cu, Pb, Zn, Cr, Co, Mn, Mo, Ni, and W at the Xi'an Mineral Resources Supervision Center, Chinese Ministry of Lands and Resources, by using inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Some selected samples were analyzed for Au and Cu using atomic absorption spectrum (AAS) and inductively coupled plasma (ICP) emission spectroscopy, respectively. According to the results, three copper mineralizations and two gold mineralizations were discovered for the first time (Table 4, Figure 6 ).
This result shows that the lithological mapping and alteration mineral maps derived from this study revealed new mineral exploration targets in small granitic intrusions that could be very promising indicators for copper and gold mineral assemblages. Therefore, further analysis and fieldwork need to be undertaken for these identified potential mineral exploration targets. Table 4 . Descriptions and laboratory analysis results of field surveyed points with hydroxyl anomalies (the points described here correspond to those highlighted in Figure 6 ).
Sample NO.
Components Description Cu (%) Au (10 −6 )
The sample was collected from altered potash-feldspar granite that is 550 m in length and 300 m in width. Malachite could be observed around dark minerals such as hornblende.
H521-Cu2 0.37
Located in the south side of H521-Cu1 (100 m). The sample was collected from the contact zone between intrusion and wall-rock with silicification, chloritization and scattered malachite.
The outer contact zone of the potash-feldspar granite stock is typified by silicification and chloritization. Malachite distributed regularly with the alteration.
H530-Cu8 0.13
The sample was collected from the same potash-feldspar granite with H521-Cu1 and H521-Cu2. Malachite could be observed along chloritization which is ubiquitous in the granite.
H524-Cu2 0.016 0.28
The outer contact zone (dipping SE300° with a 60° angle) of the potash-feldspar granite has intensive epidotization. Malachite and chalcopyrite could be observed.
H526-Au1 0. 23 The sample was collected from the potash-feldspar granite with intensive silicification.
Discussion
A series of image processing techniques, including principal components analysis, false color composites using HSI layers, Crosta alteration mineral mapping have led to identifying mineralized small intrusions.
The false color composites of PCA1, PCA2, and PCA4 of ETM+ data in RGB images showed the different lithological units of the study area in different colors. The potash-feldspar granites are a mixture of cyan and lilac, while hornblende biotite granites are pale yellow (Figure 2) . The HSI color model allows independent control over hue, saturation, and intensity, which is an ideal tool for developing image processing algorithms based on color descriptions [41] . In fact, certain applications using the HSI color model have been described previously for other applications, e.g., medical image enhancement [42] , burned land mapping [43] , etc. In this study, PCA1, 2, and 4 were transformed from RGB to HSI space, and the false color composite imagery of I, H, and S, in RGB, allowed discrimination of nearly all the lithologic units ( Figure 3) . The potash-feldspar granites were well separated from adjacent rocks by a purple-red color, and the hornblende biotite granites were beige (Figure 3) .
The capability of ETM+ data to discern the geologic features discussed herein can be ascribed to three important reasons. Firstly, the ETM+ data is well suited for investigating materials associated with weathering or mass wasting which often makes an altered mineralization zone much wider or a small intrusion larger. Secondly, the panchromatic band can effectively enhance the general resolution of ETM+ images through data fusion. And lastly, the higher spectral resolution is helpful to outline objects with diagnostic features in the VNIR and SWIR intervals. However, accurate shape or details, e.g., recognizing the tongues or small dikes for a small intrusion need higher spatial resolution images.
Therefore, PCA and HSI color models were also used to process Quickbird data to outline the details of small intrusions and find other unknown similar intrusions in the key region, with small intrusions identified by ETM+ data. The potash-feldspar granites are white in the false color composite image of PCA1, PCA2, and PCA4 (in RGB; Figure 5(a) ). Specifically, the potash-feldspar granites are pink with a short thick-stripe texture and a round-shape, which can be better identified in the HSI transformed image (Figure 5(b) ).
The Crosta technique assisted with identifying the location of the hydroxyls in proximity of the granitic intrusions and main faults ( Figure 6 ). The anomalies are sparsely distributed and aligned linearly or clustered in irregular shapes. From synthetic analysis, new mineral exploration targets were located based on the overlap of the small intrusions, alteration anomalies, and geologic information ( Figure 6 ).
Conclusions
West Junggar, lying in the northwesternmost part of China, is bounded on the north by the Altay Shan Mountains and on the south by the Tianshan Mountains. Many copper-gold associated and copper-or gold-only deposits have been discovered in this vast desert area in the past ten years, which are mostly originated from small granitoid intrusions. The Baogutu copper-gold deposit and the Hatu or Qiqiu gold deposits are two well-known examples. Certain techniques of remote sensing were here combined together and effectively used for locating the mineral resources of this kind in the area.
The specific technique, worked out by trial and error, comprises firstly to apply the principal component analysis on the multi-spectral data of ETM+/TM, then to select three principal components from six of them, which can better outline the known difference among rocks in a R (Red), G (Green) and B (Blue) false color composite (principal components 1, 2, and 4 are chosen in this study), afterwards to transfer the composite into the H (Hue), S (Saturation), and I (Intensity) space and finally to display them using a false color composite again. Importantly, this is very helpful to distinguish small intrusions from the vast country rocks and the effectiveness of the mineral prospecting could be further intensified by the concurrent use of certain alteration mineral mapping methods.
Theoretically, the principal component analysis can reconfigure the variables represented by the multi-spectral data of ETM+/TM through eliminating the correlated or redundant parts. This is the reason why the contrast among rocks is notably enlarged. Besides, H (Hue), S (Saturation), and I (Intensity) are three separate components in the color space. The red, green, and blue layers in a new false color composite are defined by these uncorrelated HSI components (or IHS and HIS, etc., choose the best one by test). It is them that further make the difference among rocks clearer. As we know, the RGB-HSI transformation and H (Hue), S (Saturation) and I (Intensity) false color composite were mostly used in certain non-geological fields before, such as the medical image enhancement and the burned land mapping. The effective application to geology of this time shows their wide adaptability. This study eventually led to the discovery of three copper and two gold mineralized locations through the ground inspection, which are all related to small granitoid intrusions. As mentioned above, small intrusion-related mineralization marks West Junggar. As shown in this study, though, many small intrusions are actually neglected by the present geological maps at 1:200,000 scale (nation-wide available) or even by those at 1:50,000 scale (about a quarter of China). This implies that the technique of remote sensing introduced here is really of use. It can be also considered in the similar areas elsewhere.
Furthermore, high-resolution Quickbird data were also used for unraveling the details of targets and for locating the analogs in the proximity of mineralization outcrops. Conspicuously, the general scanning with ETM+/TM data is well compensated by the detailed examining with high-resolution Quickbird data. This combination makes the remote sensing-based mineral prospecting more economical and practical.
Nevertheless, many small intrusions in West Junggar are actually below 0.1 square kilometer in size or even a couple of hundred square meters. The ETM+/TM multi-spectral imagery has certain difficulties in properly outlining them although the panchromatic band of ETM+ data can partly enhance the image quality. In addition, high spatial resolution Quickbird, Ikonos or SPOT-5 data are expensive and the acquisition date of them is limited or has less choice. Some of data are cloudy, misty or covered by thick vegetation in certain work area. As a result, higher spectral resolution ASTER data and high spatial resolution China Brazil Earth Resources Satellite data (2.36 m for Panchromatic) are currently combined in the further studies in order to gain the more practical methodology of targeting unknown mineral resources.
